The relationship between the microstructures and mechanical properties in the ternary Zr-Co-Ni alloys has been investigated. X-ray diffraction measurements at room temperature show that Zr 50 Co 50Àx Ni x alloys undergo martensitic transformation from the B2 to B33 structures by the substitution amounts of Ni above 14% for Co. The tensile strength and elongation increase remarkably by substituting Ni up to 13%. Especially, the Zr 50 Co 39 Ni 11 alloy has the extremely high total elongation of 23%. There are many f021g B33 deformation twins in addition to the dislocations with the h100i-type Burgers vector just near the fractured area. These twins are considered to be an internal defect of the deformation induced martensite which has high hardness about 430 Hv. Therefore, it is concluded that the remarkable enhancement of the ductility of Zr-Co-Ni alloys is due to the transformation induced plasticity.
Introduction
B2-type intermetallic compounds generally have low ductility at room temperature in spite of relatively simple crystal structure. Thus, the improvement of ductility has been performed, such as the addition of alloying elements and the control of microstructure, 1) and the stress and/or strain induced martensitic transformation.
2) Recently, Takasugi et al. found out that the polycrystalline B2-type equiatomic ZrCo compound has a high tensile elongation of 7% at room temperature. 3) This fact suggests that the B2 phase of ZrCo is inherently ductile. On the other hand, the equiatomic ZrNi compound with the B33 structure is quite brittle. It has been so far reported that the martensitic transformation from B2 to B33 structures takes place by substitution of 14 to 50 at%Ni for Co. 4, 5) Therefore, we expect that the tensile ductility at room temperature of ternary Zr-Co-Ni alloys is further enhanced by the martensitic transformation. However, there is no systematic study on microstructures and mechanical properties of the Zr 50 Co 50Àx Ni x alloys. 4, 5) In the present study, we have investigated the relationship between the microstructures and mechanical properties in the ternary Zr 50 Co 50Àx Ni x alloys substituting Ni for Co. The origin for the high ductility is also discussed on the basis of the transmission electron microscope (TEM) observations of the tensile specimens.
Experimental Procedure
Zr 50 Co 50Àx Ni x alloys were prepared from 99.9% Zr, 99.9% Co and 99.9% Ni (% by mass) by arc melting in an argon atmosphere. The ingots were cold-rolled into strip of 0.3 mm in thickness. Tensile specimens with gage portion of 30 Â 5 Â 0:3 mm 3 were spark-cut from the strip. The samples were solution-treated in vacuum at 1173 K for 3.6 ks, and then quenched into ice water. The hardness was measured by a Vickers micro-hardness tester with an applied load of 1.96 N and loading time of 15 s. Tensile properties were measured using an Instron type machine at room temperature. Initial strain rate of the tensile test is about 4:2 Â 10 À4 s À1 . The determination of constitutional phases was carried out by using an X-ray diffractometer (XRD). DSC measurements were performed with a cooling and heating rate of 10 K/min in order to estimate the martensitic transformation temperatures. The temperature range measured was about 130 to 800 K. The TEM specimens were electropolished using a twin jet method in an electrolyte solution consisting of 25% HNO 3 and 75% CH 3 OH by volume at around 238 K. TEM observations were carried out in the JEM-2000FX microscope which was operated at 200 kV. The following lattice parameters were used for the analysis: a B2 ¼ 0:320 nm, and a B33 ¼ 0:325 nm, b B33 ¼ 0:971 nm and c B33 ¼ 0:419 nm.
4)

Results and Discussions
The phase changes due to the substitution of Ni for Co in the ternary Zr 50 Co 50Àx Ni x alloys are investigated using X-ray diffraction. Figure 1 Figure 3(c) shows the typical TEM image of the Zr 50 Co 36 Ni 14 alloy. It is apparent that B2 and B33 structures coexist in the alloy from the electron diffraction pattern taken from the area D in Fig. 3 Fig. 3 (e) along the ð010Þ B33 plane and the streaks along 010 Ã in Fig. 3(f) . That is, the many stacking faults on ð010Þ B33 plane exist in martensite platelets. These stacking faults are also recognized in the Zr 50 Co 36 Ni 14 alloy in Fig. 3(c) . Therefore, it is concluded that the internal defects in the B33 martensite are the ð021Þ B33 twin and the ð010Þ B33 stacking fault. However, there are no such internal defects in the B33 phase of the Zr 50 Ni 50 alloy as shown in Figs. 3(g) and (h). The reason for the absence of internal defects in the Zr 50 Ni 50 alloy is now under study. Figure 4 shows the Vickers hardness and the maximum rolling reduction ratio of several Zr 50 Co 50Àx Ni x alloys at room temperature. The average hardness of Zr 50 Co 50 alloy is about 280 Hv. Hardness decreases gradually with increasing the substitution amounts of Ni up to 13 at%. This may relate to the instability of B2 structure prior to the martensitic transformation. On the other hand, hardness increases remarkably with increasing the substitution amounts of Ni from 14 to 20 at%. The Zr 50 Co 30 Ni 20 alloy has the hardness of 420 Hv. From the results of both XRD in Fig. 1 and TEM observations in Fig. 3 , there is the B33 martensite in the specimens with the substitution amounts of Ni above 14 at% at room temperature. Generally, the martensitic transformation from the B2 ordered phase has thermoelastic nature, thus the resultant martensite is softer than the parent phase. However, the martensite in Zr-Co-Ni alloys is harder than the parent phase. This fact indicates that the present martensitic transformation is not thermoelastic type. The variation of rolling reduction ratio well corresponds to that of hardness. The maximum rolling reduction ratio of the alloy with B33 structure is low, while that with B2 structure is high, namely, ductile. The cold-rolling reduction of about 85% is achieved in the Zr 50 Co 37 Ni 13 alloy. In order to confirm the improvement of tensile ductility at room temperature, tensile tests for the several alloys with high rolling reduction ratio are performed as shown in Fig. 5 . The obtained mechanical properties of those alloys are summarized in Fig. 6 . The Zr 50 Co 50 alloy has the 0.2% proof stress of 240 MPa and the total elongation about 6%. These values are comparable with those in Takasugi's report.
3) It has been widely recognized that Vickers micro-hardness is proportional to the yield stress and the flow stress at a strain of 8% in case of the high work hardening materials. 6) Here, the flow stress at a strain of 4% instead of 8% is plotted, since the total elongation of the Zr 50 Co 36 Ni 14 alloy is about 4%. The compositional dependence of the 0.2% proof and the flow stresses is similar to that of the hardness in Fig. 4 . On the other hand, the tensile strength of each alloy depends on its total elongation not but the hardness. The total This suggests that the elongation decreases by the substituting Ni above 14%, as expected from maximum rolling reduction ratio of Fig. 4 . It seems that the mechanical properties of the present alloys are very sensitive to their composition as well as the martensitic transformation from the B2 to B33 structures as discussed above. The relation between the mechanical properties and the martensitic transformation should be investigated systematically. Details are now in progress and will be reported in due course. In the present study, we only focus on the origin of high ductility in the Zr 50 Co 39 Ni 11 alloy. Figure 7 shows the TEM images of the tensile fractured Zr 50 Co 39 Ni 11 alloy. These dark field images are taken under two-beam diffraction condition using each g vector from ½100 B2 direction. Dislocations are visible under the g ¼ 011 and 0 1 11 diffraction conditions, while those are invisible under the g ¼ 010 and 001 diffraction conditions. On the based on the g Á b criterion, we can identify the Burgers vector of dislocations as ½010 B2 and ½001 B2 . Therefore, slip system of this alloy is h100if011g. Since this is well-known slip system among the B2-intermetallic compound, 7, 8) the origin of higher ductility cannot be explained by the observed slip system only. Therefore, TEM observations just near the fractured area are performed in detail. Figure 8(a) shows the bright field image just near the fractured area of the Zr 50 Co 39 Ni 11 alloy. The electron diffraction pattern in Fig. 8(b) is taken from the area B in (a), which consists of three sets of reflections. Two of them are in mirror symmetry with respect to ð021Þ B33 plane, which is the same as in Fig. 3(f). Figures 8(c) and (d) show the dark field images taken by using 040 B33M and 002 B33T reflections in Fig. 8(b) , respectively. The traces of alternating platelets are parallel to the ð021Þ B33 plane. Thus, the two sets of reflections indicate a ð021Þ B33 twin pattern, and the many platelets are ð021Þ B33 twins. These twins are considered to be an internal defect of the deformation induced martensite. The third set of reflections in Fig. 8(b) represent ½001 B2 zone axis from the residual B2 parent phase. Figure 8 (e) shows the dark field image taken by using 110 B2 reflection in Fig. 8(b) . The residual B2 phase is recognized in places between twin platelets. The orientation relationship between the B2 parent phase and the deformation induced B33 martensite is the same as that between the B2 parent phase and the thermally induced B33 martensite of Zr 50 Co 36 Ni 14 alloy.
The mechanism of ductility enhancement in ternary ZrCo-Ni alloys is briefly discussed on the basis of these observations. The deformation induced martensite is formed in the region where the stress concentrates during the tensile deformation up to fracture. Since this martensite is harder than B2 parent phase, the deformation mainly proceeds in the untransformed B2 parent phase. As a support of this consideration, Fig. 9 shows the hardness change along the longitudinal direction of the Zr 50 Co 39 Ni 11 alloy tensile fractured at room temperature. Dotted lines indicate the hardness of B2 and B33 phases in Fig. 4 
Electron beam nearly parallel to ½100 B2 . portion due to the deformation induced B33 martensite as described above. Therefore, it is concluded that the remarkable enhancement of the ductility of Zr-Co-Ni alloys is due to the transformation induced plasticity.
9)
Conclusions
The relationship between the microstructures and mechanical properties in the ternary Zr-Co-Ni alloys has been investigated. X-ray diffraction measurements at room temperature show that Zr 50 Co 50Àx Ni x alloys undergo martensitic transformation from the B2 to B33 structures by the substitution amounts of Ni above 14% for Co. The orientation relationship between the B2 parent phase and B33 martensite is determined to be ½001 B2 == ½100 B33 , ð010Þ B2 == ð021Þ B33 and ð110Þ B2 == ð010Þ B33 . The internal defects in the B33 martensite are the ð021Þ B33 twin and the ð010Þ B33 stacking fault. Hardness increases remarkably with increasing the substitution amounts of Ni from 14 to 20 at%. The maximum rolling reduction ratio of the alloy with B33 structure is low, while that with B2 structure is high, namely, ductile. The cold-rolling reduction of about 85% is achieved in the Zr 50 Co 37 Ni 13 alloy. The tensile strength and elongation increase remarkably by substituting Ni up to 13%. The Zr 50 Co 39 Ni 11 alloy has the extremely high total elongation of 23%. There are many f021g B33 deformation twins in addition Ductility Enhancement in B2-Type Zr-Co-Ni Alloys with Martensitic Transformationto the dislocations with the h100i-type Burgers vector just near the fractured area. These twins are considered to be an internal defect of the deformation induced martensite which is harder than the parent phase. Therefore, it is concluded that the remarkable enhancement of the ductility of Zr-Co-Ni alloys is due to the transformation induced plasticity.
